It was shown by Bordet and Gengou (5) that the first of these reactions is accompanied by comp]ement fixation, i.e., if fresh guinea pig serum is present, it loses its ability to hemolyze sensitized red cells. Shortly thereafter, it was shown (16) that a similar inactivation of complement is obtained during the second of these reactions and, indeed, is a more sensitive indicator of the antigen-antibody interaction than the visible flocculation.
Whether a similar fixation occurs during the sensitization of red cells is as yet undetermined, due, of course, to the fact that hemolysis takes place. Thus, Liefmann and Cohn (20) state that although it is true that complement disappears, this inactivation is almost entirely a result of hemolysis, due to as yet unknown complicating factors, rather than a fixation by the sensitized cells. And although Michaelis and Skwirsky (22) showed that at kn acid reaction (pH 5.3) which inhibits hemolysis, there is fixation (of the midpiece fraction), the experiments have been objected to on the ground that the high degree of sensitization necessary (25 arnboceptor units) and the acid reaction are not duplicated under normal conditions. 825 
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The use of a simplified quantitative method of complement titration has made it possible to establish quite definitely that sensitized cells do fix complement; that there is a complete analogy to complement fixation by either agglutinated bacteria or the immune precipitate; and that this fixation, far from being a result of hemolysis, precedes it.
Methods.

Fixators.
(a) Sensitized cells.--Citrated sheep's blood is washed twice in 10 volumes of saline (NaC1 N/7), resuspended to l0 times its original volume, and sensitized with 10 units of a rabbit anti-sheep serum.
(b) Immune precipitate.--Sheep plasma is incubated with the optimum quantity of a rabbit anti-sheep serum in 10 volumes of NaC1. The resulting precipitate, consisting almost entirely of globulins of the immune-serum, is washed twice in l0 volumes of NaC1, and resuspended to 15 times its original volume. As little of 0.1 cc. of this suspension, representing 0.02 cc. of the serum used, fixes 0. The method used is described in detail elsewhere (12) , and is based on the fact that the time required to hemolyze a fixed volume of a standard sensitized cell suspension, is, under constant conditions of temperature and volume, a function of the quantity of complement. For the determinations, the fluid, freed from the fixing substance by strong centrifugation, is poured into a tube containing 0.2 cc. of a l0 per cent sheep cell suspension sensitized with l0 units of a hemolytic serum, and the time required for complete hemolysis noted.
Protocol 1. The Adsorption of Complement by Sensitized Cells,--To a series of
tubes containing X cc. of sensitized cells are added 0.04 cc. of complement and NaC1 (1~/7) to 2 ce., at varying times before beginning of eentrifugation. The tubes are placed in the centrifuge as they are prepared, and a minimum time allowed to elapse between the preparation of last tube and beginning of centrifugation (2500 r.p.m, for 1 minute). The clear supernatant fluid is poured into a tube containing 0.1 cc. of sensitized cells, and the time necessary for complete hemolysis noted. By a method already described (t2), the amount of complement present in the supernatant may be calculated from the velocity of hemolysis. This quantity subtracted from that originally present, gives that adsorbed by the sensitized ceils.
The time X in the figures corresponds to the adsorption which takes place during centrifugation. The sedimentation of the strongly sensitized cells is so rapid that X is certainly less than 20 seconds, and in any one experiment, is obviously the same in all the tubes. The inflection in the curve, signifying a sudden increase of fixation, is coincident with the beginning of hemolysis and explains the experimental data of Liefmann and Cohn. Its significance will be discussed in a later paper. The dotted lines indicate the probabIe course if it were not for this confusing secondary fixation.
For comparison, there are introduced similar curves for the velocity of complement fixation by agglutinated bacteria, and by the globulin suspension. In Fig. 1 , the arrow indicates beginning hemolysis, as shown by the tint of hemoglobin in the supernatant fluid. Obviously, fixation precedes hemolysis. Indeed, at low temperatures, where the velocity of hemolysis is very greatly retarded, it is possible to obtain a complete dissociation of the two reactions. (See Temperature Coefficient of Fixation.)
We may therefore complete the diagrammatic tabulation of the in vitro immune reactions as follows: Although most observers have concerned themselves with only the last two of these reactions, even a cursory survey of the literature relating to the theories of complement fixation would go far beyond the scope of the present paper (17) , (27) , (30) . The recent tendency has been to regard Reactions 3 and 4 as a non-specific physical process, in which the aggregates formed during the antecedent antigen-antibody reaction adsorb complement, i.e., a labile component of fresh serum which has the property of hemolyzing sensitized cells.
The following experiments are in full accord with such a hypothesis, and extend it to include all of the in vitro immune reactions listed above.
II°
The Kinetics of Complement Fixation. It is apparent that in order to arrive at the kinetics of the second reaction, it is essential to eliminate the time and quantity factors introduced by the first. Such a reaction as the Wassermann, in which antigen, "antibody" and complement are added simultaneously, is of no value in arriving at the physical constants of complement fixation. No matter how exactly measured, the results obtained apply to neither of the two reactions individually, but to a complex of two consecutive reactions of quite different character. For this reason, in the following experiments the fixing agent used was an antigen-antibody mixture which had been allowed to come to equilibrium before the addition of complement.
A. Effect of Reactants upon the Velocity of Fixation.
Protocol 2.--To X cc. of the standard globulin suspension are added 1.0 cc. of 1/10 complement at the times noted in Table I, cups as they are prepared. At the indicated time, centrffugation is begun, 60 seconds at 2500 r.p.m, sufficing to throw down practically all the particles of denatured globulin.
The supernatant fluid is poured directly into a tube containing the test cells (see page 826) and the time required for hemolysis noted. The quantity of free complement corresponding to this hemolysis time, subtracted from the original quantity added, gives that fixed by the globulin suspension (Fig. 4) .
In the curves, the time X corresponds to the fixation which occurs during cen-trifugation before the globulin is completely sedimented. In any one experiment, this is obviously the same for all the tubes, and is probably less than 20 seconds. If now, the quantity of globulin is kept constant, and that of complement varied, we obtain the series of curves given in Fig In all the experiments, increases of either of the two-reactants has the same effect: more complement is fixed, and the reaction accelerated. Qualitatively, therefore, the reaction proceeds according to the mass action law. The steep initial rise, and the rapid change in slope as the equilibrium value is approached, are difficult to interpret; but it is quite significant that similar curves have been obtained for the most diverse kinds of * By plotting the time required for increasing quantities of complement to cause hemolysis (control tubes) one obtains the reference curve used in arriving at the values for residual complement given in Column 6. These control tubes must be duplicated with each similar experiment, using the same cell suspension under the same conditions. adsorption processes, with a similar acceleration produced by increasing the concentration of either the adsorbent or adsorbate (2), (4), (21) .
B. Temperature Coeffwient.
Using a constant quantity of flxin~ susvension and complement, the velocity of fixation was determined at various temperatures between 5 and 40°C. The results of three such experiments are summarized in Figs. 9, 10, 11, using the globulin suspension, agglutinated bacteria, and sensitized cells respectively, as the fixing agent. The similarity of the curves is further evidence of the essential identity of all the complement fixation reactions. It is apparent that the absolute magnitude of the temperature coefficient will depend entirely on its definition: if the amount fixed at equilibrium is taken as the criterion, the coefficient is < 1.1, between 5 and 40°C., if the velocities of fixation are compared, the value of the coefficient decreases steadily with the lapse of time, as shown in Table II . But, however expressed, the temperature coefficient is very low, averaging less than 1.3 between 10 and 40°C. Although in itself not conclusive, such a low value suggests a surface 
C. Quantitative Relationships in Complement Fixation.
If, varying the quantities of complement and fixing suspension, we determine, not, as heretofore, the velocity, but the conditions at equilibrium, we obtain results similar to those summarized in Table  III , in which each horizontal row represents an individual experiment. Obviously, there is no stoichiometric relationship in the sense that nl Complement + ~ Antigen-antibody -~ na Antigen-antibody-complement (complement fixed)
,Nor does the degree of fixation correspond to a distribution of complement between fixing agent and solution in the ratio of its solubility in the two phases. Qualitatively, however, the results do conform to the empirical equat tion of Freundlich for adsorption from dilute solutions: -x ==Kc, 
Quantitative Relationskips in Complement Fixation by I Globulin, II Agglutinated
Bacteria. To X ee. of (I) globulin suspension, (II) agglutinated bacteria, are added Y co. of complement, and the total volume brought to 2 co. with NaC1 ~/7. The figures given in the body of the table represent the complement fixed after 2 hours at room temperature (25°C.). where X is the total quantity adsorbed, m is the quantity of adsorbent, c is the amount of adsorbate remaining free at equilibrium, and K and n are constants, characteristic for each reaction, n always being greater than unity. It is seen from Fig. 12 that both types of fixation follow such a curve very closely. The n value of all but one of the curves fitted to the experiments in Table III is 
=(: 0
¢ axis. The complement fixation reaction shows the same deviation from the Freundlich equation (Fig. 12) .
D. Summary.
1) Since complement fixation has a very low temperature coefficient; 2) since its velocity does not conform to that of a bimolecular reaction, but resembles that of adsorption reactions in general; 3) since the quantitative relationships between complement and fixing agent are not stoichiometric, but conform to those encountered in all adsorption reactions, even though as yet unexplained; and 4) since the reaction obviously takes place at the surface of a heterogeneous phase, we may characterize it as an adsorption process.
The experiments already presented show clearly that all types of complement fixation, whether by the immune globulin suspension, sensitized cells, or agglutinated bacteria, are fundamentally the same co. reaction. The adsorbate is always, of course, "complement;" it remains to characterize the adsorbent.
In the precipitation reaction the adsorbent is the precipitate itself (7), (9), (10), (11). The question is, what is the physical basis for the complement fixing property of the antigenic cell after it has been incubated with immune serum?
The experiment summarized in Fig. 13 proves that the complement fixation obtained with bacteria (and presumably 1 red cells) is due entirely to some alteration in the cell surface caused by the immune serum, which is proportional to the degree of sensitization. The most logical hypothesis is that during sensitization there is an aggregation of immune-serum globulin upon the surface of the cells, identical with that formed during the precipitation reaction: and that complement fixation in all the immune reactions is due to an adsorption by these aggregates?
The following data already in the literature prove the formation of just such a surface film of immune serum protein during cellular sensitization.
III.
Aggregation of Immune Serum Protein as a Common Factor in all the
In Vitro Immune Reactions.
A. Precipitation.
Welsh and Chapman (28), (29), showed that the precipitate which is formed by the interaction of, e.g., sheep serum with a rabbit anti-serum consists almost entirely of denatured immune-serum globulin, with a relatively small quantity of antigenic protein.
B. Bacterial Agglutination.
1. Agglutinated bacteria, washed free of excess serum, will cause anaphylaxis when injected into an animal previously sensitized to the species of serum used (6).
2. Normal bacteria have a negative change, reversed only by trivalent cations (24) , or at a very acid reaction (pH 3.5 (23)). But as the degree of sensitization is increased, their cataphoretic isoelectric point gradually approaches pH 4.7 ((23) horse serum), and, according to Shibley, becomes identical with that of particles of heat-denatured serum globulin ((25) rabbit serum). A phenomenon, noted long before these recent findings, is a direct corollary: specific agglutination is enhanced by cations at serum reaction (when the change in the organisms is negative), and by anions in acid reaction (when the change in the organisms, determined by the serum globulin surface is positive) (3), (19) , (26) .
3. Normal bacteria agglutinate in acid reaction, the optimum range being, to a certain extent, characteristic for each species. When This aggregation of immune-serum protein upon the surface of the individual cell is not to be confused with the subsequent agglutination of many ceils. sensitized, however, all organisms have an optimum agglutination at the same pH as particles of denatured serum globulin (Figs. 14,15, 16 ).
Protocol &--Suspensions of each of the three organisms named below are incubated with approximately twenty agglutinating units of immune serum, washed 3 times in 20 cc. and resuspended to 50 times the volume of the sedimented cells in H20. To 0.2 cc. of each suspension are added 0.8 cc. of varying dilutions of acetate buffers, and agglutination read after 2 hours at room temperature.
In the following figures, the abscissae are the pH of the buffer when N/10 with respect to NaAc; the ordinates represent the minimal concentration of buffer 3 necessary to cause complete agglutination. It should be noted that the peaks of the curves correspond to very high dilutions of buffer, at which the pH can only be very roughly approximate. As determined colorimetrically, this correction increases steadily with dilution, and is as much as 0.6 pH at the peaks of the curves (buffer •/4000).
It is seen that immune serum makes the organisms much more susceptible to agglutination by electrolytes, and that there is a sharply defined optimum reaction for agglutination, the same for all three organisms, at about pH 5.0 (making the approximate correction).
C. Red Cell Sensitization.
1. Sensitized red cells, when injected into an experimental animal, cause the formation of precipitating and complement-fixing antibodies against the immune-serum as well as against the antigenic cell. The only possible explanation is that immune serum protein adheres to the surface of the cell during sensitization, normal sera not causing the same phenomenon.
2. If, to a suspension of sensitized cells, there is added an antiserum which precipitates the immune serum used, there is an increased agglutination and a greater susceptibility to hemolysis, i.e., the secondary precipitation upon the cell surface, which could only be of protein, functioned exactly like an increase of amboceptor serum (1), (14), (15) .
3. The maximum binding of amboceptor by the red cell, as well as the minimum subsequent dissociation (in saccharose) is at pit 5.3, the isoelectric point of serum globulin, where it is most labile, and most readily thrown out of solution (8), (18) .
4. The optimum range for the agglutination of sensitized cells is around pH 5.3 (7).
3 (NaAc) is taken as (buffer), the ionization of the HAc being negligible in comparison.
Conclusion.
Knowing that the washed suspension of denatured immune-serum globulins, formed during the precipitation reaction fixes complement powerfully; and that a similar aggregation of immune serum globulin upon the surface of the antigenic cell accompanies bacterial agglutination and red cell sensitization, we may conclude that it is this surface film of protein which determines complement fixation by adsorbing the labile complement adsorbate.
IV.
The Nature of the Attractive Force Between Complement and the
Adsorbing Aggregate.
There is one peculiarity of the complement fixation reaction which is not explained by the concept just outlined. Whatever the forces involved, adsorption is by definition a surface reaction. How are we to explain the fact that the precipitate formed in an immune reaction has at least 20 times as great an avidity for complement as a suspension of, e.g., Kaolin, or normal bacteria, or carbon particles of approximately the same microscopic size as the elements of the precipitate? Why should heating this globulin suspension at 90°C. for 30 minutes destroy its fixing properties, so that it becomes as inefficient an adsorbent as the particles just cited? Why does a suspension of heat-denatured normal serum globulin not possess the same avidity for complement? (Fig. 17.) Protocol 4.--Each of the suspensions listed in Fig. 17 is made up to 15 times the volume of the sedimented particles in NaC1 N/7. To X cc. of the suspension are added 0.8 cc. of 1/10 complement and NaC1 to 2 cc., and residual complement determined after 2 hours at room temperature.
These questions can only be answered when we know more concerning the essential nature of adsorption reactions in general. If adsorption is determined solely by the physical state of the surface, irrespective of its chemical character, then we may conceive of the precipitate formed in the immune reaction as possessing, e.g., a submicroscopic honeycomb-structure allowing for an enormous increase in surface and ability to adsorb: heat would destroy this "inner surface" so that the particles resembled Kaolin, normal bacteria, etc., in their surface (adsorption) properties.
The recent tendency, however, is to regard adsorption as due to the usual chemical forces of attraction operating at the surface of a heterogeneous phase. So considered, some thermolabile substance would be present in the antigen-antibody complex with a specific chemical affinity for complement. Although it is difficult to explain the adsorption of complement, however weak, by such an inert substance as Kaolin on this basis, the question must be left open for further investigation. Fzo. 17. The adsorptive affinity properties of various suspensions for complement.
• 1. Complement fixation is obtained in every antigen-antibody reaction involving the presence or formation of a heterogeneous phase (red cells, bacteria, precipitate).
2. The physical constants of fixation (temperature coefficient, velocity, quantitative relationships between the reactants) are those commonly associated with adsorption processes, and are the same in the three types of fixation studied.
3. All the in vitro immune reactions involve an aggregation of immune-serum globulins upon the surface of the antigen. It has been shown that the "fixation" of complement is an adsorption by the aggregates so formed; whether these aggregates are visible as a flocculent precipitate (e.g., sheep serum vs. anti-serum) or concentrated as a surface film on a cellular antigen (sensitized cells; agglutinated bacteria), the reaction is fundamentally the same. 4 . As yet, it is unknown whether this adsorption is determined by the physical state of the precipitate, and thus, differs only quantitatively from that by Kaolin, charcoal, normal bacteria, heat-denatured proteins, etc.; or whether the comparatively enormous avidity of these aggregates for complement is due to a specific chemical affinity.
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